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Scanning Probe Lithography. 1. Scanning Tunneling
Microscope-Induced Lithography of Self-Assembled n-

Alkanethiol Monolayer Resists

Claudia B. Ross, Li Sun, and Richard M. Crooks*
Prepared for publication in Langmuir

Abstract

The tip of a scanning tunneling microscope was used to
fabricate geometrically well-defined structures within organized,
self-assembled monolayer resists that have critical dimensions
ranging from 60 nm to 5 um. To achieve nanometer-scale
lithography, a Au(llL) substrate was coated with ¢ self-assembled
monolayer of HS(CHz)37CH3, which functions as an ultrathin (~2.5
nm) resist, and then the resist was etched by an STM tip. This
treatment results in window-like features that penetrate the
organic monolayer. Nanolithographically defined features have
been characterized by scanning tunneling microscopy. scanning
electron microscopy, and electrochemical methods. For example,
since mass and electron transfer to the conductive Au substrate
are blocked by the monolayer everywhere except in the STM-etched
regions, the windows serve as ultramicroelectrodes. The limiting
current that results from radial diffusion of a bulk-phase redox
specics to the etched window is in close agreement with that

predicted by theory.
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The tip of a scanning tunneling mroroscops wal uied U0

fabricare geometrically weli-defined prructares wirhin ovaanize
self-assembled monolayer resisvs rhar have Dritooal dlnelisions
ranging from 60 nm to 5 Mm. To achieve nandimelsr oUoals
lithography, a Au(lll) substrate was coated wititn o uol-as e

monolayer of HS{CH;}17CH3, which funcrions as an ultrathon - 2.0%0
nm) resist, and then the resist was arobhed by an ST v, This
treatment results in window-likse fearurss thal penatrat < the

organic monolayer. Nanolithogro

been characterized by scanning SUENNING
electron microscopy, and elecrtrochemical methods.,  For example,
since mass and electron transfer to the conductive Au substrate
are blocked by the monclayer everywhere except in the 53TM-etched
regions, the windows serve as ultramicrcoelectrodes. The limiting
current that results from radial diffusion ¢f a bulk-phase redox

species to the etched window 1s in close agreement with that

predicted by theory.
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We wish Lo report tne filrst examplies O Soanninyg probe-

o
induced lithography of organized monolayer resust - In othaco
experiment, resists oonsist of monslayers of self-asnemtied o
alkanethiols which, when confined o Ayitllly zubsrrat. Sy
approximately 2.5 nm-rhick barriers to mass and eleorion

transfer.? % When a scanning tunneling microscope (5TM1 fip as

positioned near the Au substrate and rastered acrons

it induces desorption of the monolayer regist. Results obtained
by STM, electrochemical methods. and scanning electron microscopy
confirm that this technigque is useful for fabricaring
geometrically well-defined, nanometer-scale strucrures such as
ultramicroelectrodes.

Most lithographic processes rely on light-induced ohemical
transformations of organic polymers for fabrication of micron-
scale surface features. Present commercial photcelithegraphic
processes are wavelength-limited to about 0.5 gm critical
dimensions,® but the development of new technologies that can
reduce this limit to 0.1 - 0.2 um is essential for high-density,
high-speed microelectronic applications. The present state-of-
the-art for lithographically-defined surface features is quantum
dot cylinders with diameters of about 100 nm and thicknesses
around 10 nm.® The thickness is limited by the gquaiity of
muiecular beam epitaxy-deposited thin films, and the lateral
dimension is defined by the resoviution of electron beam

lithography. 1In principle, electron beam lithography should only




be limited by the wavelengrh of an elecrron, abour 000 -0

however, as a result o0 forward s5Calfering O elelUrons Ln L he

resist and backscattering from rhe substrate, features witt
critical dimensions less than 100 nm may 0ot be attainible.

Because nf the phys:ical limirarions or present rTecobnolioglan, we

feel 1t is desivable to evaluare alrernarive app

I
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‘
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fabricating structures wirth ¢rinroal dimensions s the rangoe of
200 nm.
Scannin robe devices were flrst developed by Bionig et gl
¥ Fd

in 1982, and since that tims have been used primarily as tools

obtaining topographical and electronic surface maps. However,

they can also be used to directly modify rhe chemical or physical
structure of surfaces.® 1In this paper, we present the first
example of deliberate STM etching of an organic monolayer resist
to produce well-defined features with critical dimensions as small
as 60 nm.? Since it has been clearly demcnctrated that
interpretation of STM images is sometimes ambiguous,:® we also
provide an independent electrochemical analysis of some of the

larger lithographically-defined features.

EXPERIMENTAL SECTION

Substrate Preparation. A 0.25 mm-diameter Au wire (9292.998%) was
cleaned by dipping in freshly prepared "piranha solution® (3:1
conc. HzS8M3:30% H202, Caution: piranha solution reacts viclently

with organic compounds, and it should not be stored in closed




contalners). Au{lll) surfaces wore pronared Dy melr 1ng Che wire
In a Hy/03 flame under N, and then anr. ling 1o oa oooler regiorn o0
the flame.!1-13 This trearment results in approximately 1 omm-
diameter spheres that contain a few Aui{lll} facets on the surfoce.
The facets are typically elliptical, with a long axis of about (00
gum, and are composed of atomically flat terraces abour 100 nm
wide. The Au balls were cleaned agaln in piranha solution and
then rinsed with ethanol. To facilitate electrochemsical
experiments, the entire ball, with the exceprion of & single
Au{lll) facet, was covered with silicone rubber (Dow-Corning,
Catalog No. 698). Prior to monolayer adsorption, the exposed
facet was usually polished electrochemically in an aguecus 0.1 M
HC104/5x10°> M HCl solution: this process eliminates adscrbed
organic material from the Au surface and tends to reduce the
number of Au surface defects.!3.14 Cyclic voltammetry confirmed
the presence of a clean Aul(lll) surface. The freshly prepared
surface was immersed in a 1 mM ethanolic solution of
octadecylmercaptan, HS(CHp)17CHi, for 24 h, removed, rinsed, and
then attached to a home-built STM-substrate holder for subsequent

etching and analysis.

Scanning Tunneling Microscope Etching and Imaging. A Nanoscope II
STM (Digital Instruments, Santa Barbara, CA) was used for all STM
experiments. Images were obtained using a bias voltage of +300 mV
and tip currents in the range 0.10 to 0.11 nA (scan rate = 1.34
Hz}. Positive bias voltages indicate that electrons tunnel from

the STM tip to the Au substrate. Tips were mechanically cut from
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Pt/Ir (80/20%) wire.

of the nanolithographically-defined fearture, and rhey are

discussed in the text. The STM z-pirezo was calibrated by

measuring several independently prepared Aallll; step
edges and correlating the mean experimental value o the

theoretical Au(lll) interlayer spacing of §.235% nm.

Electrochemistry. Electrochemical experiments were carried

(&)
£

a single-compartment, three-electrode, glass cell contalning &
Ag/AgCl, KCl{sat'd) reference electrode and a Pt counter
electrode. Cyclic voltammograms were obtained in purified (Mill:i-
Q, Millipore), deoxygenated aqueous solutions consisting of S oM

Ru(NH3)63* and 0.1 M KCl.

RE _ ISSIO

STM images of a stepped Au(lll) surface covered with a single
monolayer of HS(CH;)17CH3 before and after intenticnal probe

etching are shown in Figure 1. The top 400 x 400 nm image was

Figure 1

obtained with a +300 mV bias voltage and a tunneling current of
0.10 nA. The Au surface contains primarily 100-300-nm-wide
atomically flat terraces separated by monoatomic steps. Small

circular defect structures, typically 5 nm in diameter, always




appear homogeneocusly distributed within the HS(THo1 -OHs
monolayer .0 14 We are studying these srrucrures, but al rhe
present time we are uncertain of rheir precise structure or

origin. Immediately after obtaining the top i1mage, The cente:r
X 100 nm region was scanned four times using fhe same m
conditions used to obtain the top image. High resclurlon imaqges
of this region, which are not shown here, indicate That the sma

“ i TR

defect structures shown in the top 1mage enlarge and evenrually
- 3 ¥

grow together to form much larger defects as a results of vip-
substrate interactions. The bottom part of Figure 1 shows a
second image of the same region after imaging the center part four
times. Three aspects of the bottom micrograph are worth noting.
First, the center-most region of the corganic surface has been
etched by the STM tip. Second, there 1is evidence that the crganic
material removed from the center part of the scan has been
deposited on the left and right edges of the etched feature.
Third, the small defects surrounding the etched portion of the
surface have been enlarged somewhat even though they have only
been exposed to the tip during two scans. These data clearly
demonstrate the feasibility of using tip-substrate interactions Lo
create high-resolution, nanometer-scale features on surfaces.

The physical basis for STM-tip-induced lithography is not
certain at the present time, but some combination of the following
four phenomena seems likely to contribute: (1) electron-beam-

induced degradation or desorption; (2) field iconization of

molecules resident near the tip-substrate gap that are acce
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towards the surface, thereby desorbing the resist; (3) physical




abrasion of the Au surface by the tip; (4) Joule heating of rhe
substrate, arising from current flowing through the gap
resistance, and subsequent thermai desorprion of the resist,  The
fundamental problem asscociated with assigning the particular v
substrate interaction(s! responsible for monoclayer removal ar:ises
from the uncertain z-axis displacement of the tip relative to the
substrate during imaging. Data discussed later suggest the rip

might be 1-2 nm above the Au surface during imaging, but since STM

o

images are a convolution of tunneling p

PR PN VO S [N S . .
obharility and topography,

this estimate 1s quite speculative. Mcrecver,
removes some Of the organic material from the surface, 1t 1is
likely that z-displacement 1is also a function of the number of
times the surface is scanned and, of course, the bias voltage and
tunneling current employed. Based on the data shown in Figure 1,
particularly the distribution of organic material in the bottom
image, our present hypothesis focuses on physical akbrasion of the
surface as the dominant tip-substrate interaction responsible for
STM-induced nanolithography under the conditions employed in these
experiments.

Figure 2A shows three 60 nm x 60 nm STM-defined features

Figure 2

confined to a single Au{lll) terrace. In contrast to the
incomplete etching of the structure shown in Figure 1, all of the
organic material appears to have been removed within these etched

regions. This results from the more vigorous etching conditions




used to fabricate the structures shown in Figure Ja: four

with the tip biased at +3 ¥V and a tip current of .10 na oocan
rate = 31.25 Hz) followed by four scanzs ar «300 ) and rhe cane

current and scan rate. The
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most of the monolayer resist, but ~he second ger 1o pecsssdary oo
completely remove the organic material from the bottom of rhe
etchea features. We have been able to create gecmerrically we.. -
defined structures similar to those shown in Figure 2 that are as

small as 25 x 25 nm, and it appears that the limit of rescluarion

is determined only by th- size of the rip and the diameter of the

resist molecules. Such structures are dimensicnaily stable for ar

o

least several days.

Line scans corresponding to the data in Figure 4 are shown
in Figure 2B. We intentionally scanned over an atomic ste

internal calibration of topography in acquiring these data. Thais

feature can be seen in line scans 1-3, and it clearly indicates

that the morphology of the underlying Au substrate can be reliably

imaged through the organic meoncolayer: the line scans indicate tha
the Au step height i1s 0.22 nm, which 135 close to the 0.24 nm

interlayer spacing of Au{ll1l).12

The most interesting aspect of the line scans relates to the

"*depth" <f the etched features. FTIR and ellipscomertric data

indicate the height of HS{CH:);3CH: monolayers range from about 2.

nm to about 2.8 nm, but the line scans shown in Figure 2B
reproducibly indicate a depth of only 0.7%0.1 nm.<-4
Electrochemical data discussed later strongly suggest, but do not

unambiguously prove, that most c¢f the organic resist material has




been removed from the botrtom of the etched features. It rhe

bottoms of the pits are clean, and 1f the Ay 1treli has non Deen

etched, the STM tip 1s probably within, rather than

-alkanethiol monclayer during imaging. Kim and Burd reported cne

[#3]
=9
H

T ; By e e Yiw & e . . ; P O S .
T IBatetiiar=-te BN o =5 O TR N Tt : LT
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depth of scmewhat smaller
and they explained this anomalous behavior as resuliting from

differences in tunneling probabilities.®P WwWhile our data suppors

these previous results, we do not believe 1t 135 possible to

confirm either model at the present time
Since it has been well-established that 5TM 1nmages of organic

electrochemical methods to confirm the 5STM data. additionally,
the data presented here clearly indicate that STM lithcography is a
good means for fabricating ultramicroelectrodes. The

electrochemical experiment is i1llustrated in Scheme I, and the

Scheme I

ot
las

5
®

details of electrode fabrication were discussed in
experimental section.

Figure 3A 1s the cyclic voltammetric response to a 5 mM

Figure 3

Ru (NH3) g3* solution obtained for a Au(lll) facet after masking with
silicone rubber, but prior to HS{CHz);7CH; modification. The data
are intermediate between those expected for linear and radial
diffusion: a consequence of the small size of the Au(lll) facet.

-10-
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Figure 4
fabricated by scanning the surface “wise with
YV, a tunneling current <f J.11 naA, and a acan
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radial diffusion to a small =siesvrode, 170 vho
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For this experiment, n = 1 equiv/mocl, F = 964
107% cm?/s,16 and C = 5.0 x 10°% mol/cm®. App
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current in Figure 3C, we

believe the difference between this value angd

-1

A

calculate a value

of

ate TILat ot hie
. . ;
ClLol 4
.l M S 5
RTINS LR Sy
el i M Lo
LepnaT e L1 gl T
woted L Ll Ul
AT s ¥ » PR +
: s Lot araph
Toree Pt Lre wedes
G TLan vl g ob .
Tt £ 103 Hn
ayioterLot s ok
STy ner vhes T et b
pLaten g themror sl
L. 1 owe medde ] sk
} ~ b TIEYS PTEs A L,‘
e e a .Ja‘ PR 2 M
(3
8% Cleguiv, D o= 7.1
RS et R IR T N [
a AR A iite P
n Figure 3B from the
r = }, {:‘ ‘UTE. We
the one obtained by




visual inspection

our assumprion

data confirm the

.

Af

e

er o

rthree addirional
in the configur:
results 1in an ar

abour three time

overlap.1®

i LD Friounes o, al i W B Lrolrmar ey
ST Y LI P e long o Dhet ol e Ry e C e
main pOLINt 18 Uhar, 0O & L1008t ap{roxirmal © 0%, Nree eoleslU Lo e o
S5TM results
nLny Thee v lmanimest oy Dreownn g B et e
5 o S Mm owrrndows Lr TIlee Lrcpatinl U L ayteer réeen ot
ation rilustraved Lo Fogure 3 THLD o proos
ray of vlrramicroelesrrodes and a limiting ourre:?
B I o T i S Sa SN T I R IR e e
2G5 G lgger rOAan it REOTRE IS D U S T L S A DI v
expected rthe limiting ouyrrant =0 e $oar v S I AN S ST
pded ars 5o ¢ Spaccecl, viverr o diiianion Loy
ity for potentials on the raising

A plot of E versus

Al

part of the veoltammegrams shown 1o Figures 3C and 3D yields a

slope of 90 mv,

close to the

thermodynamicalls

reversible one-electron transfer reastion of 4 mo ot Thio resulr

supports, but do

s not unamb

most of the organic material has been removed from the electrode

surface i1n the etched areas, since a significant insulating layer

would further reduce the rate of electron transfer berween the

electrode and Ru{NH3)g3*, and thus decrease the slope of the risin

part of "ne cyclic voltammogram., Figure 4 suggests the presence

of some organic
distribution is
response shouid
result from the

possible to use

material within etched region, but the
such that the effect on the electrochemical

be negligible. The three important
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data shown in Figures 3 and 4 are: {1) it 1s

the STM tip to nanolitheographically define
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This preliminary report provides tle first axarple
intentional STM fabrication of well-defined foasturas within a
self-assembled monolayer resist. The sessential fearures of the
ST™M images of the nancolithographically-defined windows are
confirmed by companion electrochemical experiments and scanning
electron micrographs. Combination of the three methods yields
complementary information about the nature of the patterns, and 1t
also provides a new means for studying the nature of the tip-
monolayer interaction. Perhaps the most important aspect of this
work 1is that the monolayer resists are sufficiently thin to permit
electron tunneling, but sufficiently thick to effectively block
significant mass transfer and Faradaic electron transfer across
them.

At -—he present time, we are pursuing several aspects of the
preliminary data presented here. First, we are using low
temperature chemical vapor deposition technigues to selectively
metallize etched regions.l? Second, we are trying to improve the
blocking gquality of the monolayers so that we can construct very

well-defined ultramicroelectrodes in the size range 1-10 nm; at

-13-




the present time electrodes with a crirical dimens:on less than
100 nm are too leaky to be usetul. Finally, we are cust beginning
experiments designed to elucidare the mechanism responsible for
tip-induced lithography. Preliminary results from these

experiments will be reported shortly.
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There have been two prior papers that are partroularly relovans
to the results described here: tar Casillas et ol showed thas
an ST tip could be used to 2rch nanometer-scale Leaturas 1 a
thin layer of Pt-confined Ti0: (Castillas, N.; Snyvder, 8. k.
White, H. S. J. Elecrtrochem. Seoo. 1991, 125, £41°0. et Mmoo oand
Bard demonstrated that STM 1maging of n-alkanethicl monolayers
results in lateral expansion of adventitious defects {(Kim, Y.-
T.; Bard, A. J. Langmuir 1992, 8, 1096).

{a) Chang, H.; Bard, A. J. Langmuir 1991, 7, 1143. (b} Clemmer,
C. R.; Beebe, T. P., Jr. Science 1991, 251, 6&40.

Hsu, T.; Cowley, J. M. Ultramicrosc., 1983, 11, 125.

Snyder, S. R. J. Electrochem. Soc. 1992, 139, 5.

Sun, L.; Crooks, R. M. J. FElectrochem. Soc. 1991, 138, L23.
Trevor, D. J.; Chidsey, C. E. D.; Loiacono, D. N. Phys. Rev.
Lett. 1989, 62, 929.

Wightman, R. M.; Wipf, D. O. In Electroanalytical Chemistry,
Bard, A. J., Ed.; Marcel Dekker: NY, 1989; Vol. 15, p. 267.
Licht, S.; Cammarata, V.; Wrighton, M. S. J. Phys. Chem. 1990,
94, 6133.

{a) Shin, H. K.; Chi, K. M.; Farkas, J.; Hampden-Smith, M. J.;
Kodas, T. T.; Duesler, E. N. Inorg. Chem. 1992, 31, 424. (b)
Shin, H. K.; Chi, K. M.; Hampden-Smith, M. J.; Kodas, T. T.:

Farr, J. D.; Paffett, M. Chem. Mater. 1992, 4, 788.

-17-




1. ST™ images of a Au{lll) surface modifiled with a monolayer ol
HS(CH3) 17CHy.  {Top) First 400 x 400 nm scan. {Borrem: Second $00
x 400 nm scan. Four scans of the center 100 x 100 nm region of
the surface were obtained prior Lo recording of the bottom images.

Conditions for all six scans: bias voltage = +300 mVY; tunneling

current = 0.10 nA; scan rate = 1.34 Hz.

2. {A) STM image of a Au{lll}) substrate modified with a monolayer
of HS(CH;)17CH; after opening three 60 x 60 nm windows. STM
etching conditions: four scans {(bias voltage = +3 V; tunneling
current = 0.11 nA; scan rate = 31.25 Hz) followed by four
additional scans (bias voltage = +300 mV; tunneling current = (.11
nA; scan rate = 31.25 Hz}. {B) STM line scans through the etched
regions which are shown in (a) and illustrated schematically to
the right of the line scans. The vertical displacement ({(v.d.)

between the arrows is indicated next to each line scan.

3. Electrochemical results obtained at (A) a naked aAu(lll) facet;
(B) the same facet after modification with a menolayer of
HS(CH3)17CH3; (C) the same facet after STM fabrication of a single
5 x 5 um ultramicroelectrode; (D) the same facet after fabricating
four 5 x 5 um ultramicroelectrodes spaced as 1indicated
schematically to the left. Conditions: solution, 5 mM

Ru(NH3)g3+/0.1 M KCl; scan rate = 100 mV/s.
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4. Scanning electron micrograph ¢f a % x 5 pm

defined ultramicroelectrode.
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Substrate Modification
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A. Naked Au (111)

Facet

B. Au (111)/

HS(CH,)17CH4

C. OneS5x5um
window

D. Four 5 x 5um
windows

i (nA) 50 .,

a8 a%, s ¢
Rty

0 J
-50
-100 J
0 0.2
i(nA) S
0
—
. 0 0.2
I (nA) 5.
0.
-5
0 0.2
0 0.2

E (V) vs. Ay/ AgCl

Figure 3/Ross et al.




3

TZA)




Jffice of Naval Research (2)°

TECHNICAL REDPORT DISTRIBUTICON TIST = GENERAE! Y
Dr. Richard W. CDrisxo {:
Code 1113 il I

Chemistry Division,
800 North Quincy Street
Aarlington, Virginia 22217-5000

Dr. James S. Murday (1)
Chemistry Division, Code 6100
Naval Research Laboratory
Washington, D.C. 20375-5000

Dr. Robert Green, Director (1)
Chemistry Division, Code 385
Naval Air Weapons Center

Weapons Division
China Lake, CA 93555-6001

Dr. Elek Lindner (1)

Naval Command, Control and Ocean
Surveillance Center

RDT&E Division

San Diego, CA 92152-5000

Dr. Bernard E. Docuda (1)
Crane Division

Naval Surface Warfare Center
Crane, Indiana 47522-3000

i

* Number of copies to forward

12

Code L52

FPort Hueneme, CA 92743

Dr. Harold H. Singerman i)

Naval Surface wartfeare Center
Cardercck Divisicn Cerachrent

Annapolis, MD 21402-1198

Dr. Eugene C. Fischer (1L

Cocde 2840 )

Naval Surface Warfare Center
Cardersck Divisicn Cetachment

Annapollis, MD 21402-1198

Defense Technic Irnfcrmaticn

Building 5, ¢

al
Center {2
aner
Alexandria, VA 2




